A bio-economic model of swine production was used to simulate expected performance effects of breeds in alternative breeding systems on total costs/100 kg of live weight (EWW) or/lO0 kg Iean (ELW) for marketing at 100 kg live weight and on costs/100 kg lean for marketing at mean 185-d weight (ELA). Effects of heterosis and of six U.S. breeds were simulated for integrated industry purebred (P), two-breed specific (2S), backcross (2B) and rotation cross (2R), and three-breed specific (3S) and rotation cross (3R) breeding systems. Traits considered were age at puberty (-PUB), conception rate (CR), litter size born alive (NBA), preweaning viability (VIAB), milk production (MILK), age at 100 kg live weight (--DAYS) and empty body fat percentage (-FAT). Cost reductions from crossbreeding systems were greater for ELA than for ELW or EWW, ranging from --3 to --5% for 2S, -6 to -7% for 2B and 2R, and -7 to -9% for 3S and 3R. Reductions in nonfeed costs were much greater than those in feed costs for EWW and ELW (-4 to -12% vs -2 to -4%), and especially for ELA (-9 to --17% vs --1 to --2%). Order of maternal trait importance in ranking breeds was NBA, VIAB, CR, MILK and -PUB for P, 2R and 3R systems and as maternal breeds in 2S and 3S systems. For cost of lean, -FAT was as important as NBA in all except maternal breed roles. For ELA, --DAYS was important in all breed roles, but not for EWW and ELW, especially in maternal breed roles. In ranking paternal breeds for use in 2S and 3S systems, the important traits were only VIAB for EWW, VIAB and -FAT for ELW, but VIAB,-FAT and -DAYS for ELA. Existing breeds ranked differently as paternal breeds than as maternal or general purpose breeds. Complementary paternal-maternal effects permitted greater cost reductions from best 3S (-7 to -10%) than from best 3R (--6 to -8%) breed combinations. Maternal breeds in crosses benefitted from superiority in components of both sow and pig performance.
Introduction
Breed differences in performance traits affect optimum use of breeds in crossbreeding systems. Knowledge of the relative influence of different traits for each breed role in each breeding system is helpful 1) in selecting breeds to maximize breed contributions to efficiency for alternative crossbreeding systems or new composite breeds and 2) in developing efficient within-breed selection procedures for specific breed roles in production systems.
Knowing how heterosis improves efficiency of each crossbreeding system aLso is useful for comparing alternative crossbreeding systems. Heterosis differences between crossbreeding systems can be combined with breed differences to compare specific crosses for the same or different crossbreeding systems.
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JOURNAL OF ANIMAL SCIENCE, Vol. 56, No. 4, 1983 The purposes of this paper are to 1) evaluate the potential contribution of heterosis to efficiency of pork production for alternative crossbreeding systems 2) determine relative importance of performance traits in predicting effects of breed differences on production efficiency for specific breed roles in each breeding system, and 3) illustrate applications to the evaluation of specific breed combinations.
Materials and Methods
Six breeding systems and their replacement populations were simulated to evaluate their economic efficiency. The systems were purebred (P), two-breed specific (2S), backcross (2B), and rotation (2R) crosses, and three-breed specific (3S) and rotation (3R) crosses. The breeding system, replacement populations and terminology used to describe different breed roles in industry systems are shown in table 1. Purebred male-source populations provided their own replacements and surplus boars for use in all other populations. Purebred femalesource populations produced their own replacements and surplus gilts for crossing. Two-breed crosses of purebred parents (2S) were either market pigs or replacement gilts for backcross (2B) or three-breed specific (3S) matings. The P, 2R and 3R populations produced their own female replacements. All other pigs were reared to a market weight or age. Proportional sizes of populations in each breeding system are shown in table 2. Population size was determined from the number of replacement gilts entering each population per year. Subpopulations that have the same proportion of replacement gilts will produce different numbers of market pigs ff breed effects or heterosis levels for components of reproduction are different.
A bioeeonomic model of pork production (Tess et al., 1983a ) was used to evaluate efficiency of these pork production systems. Management options simulated were 28-d weaning and a maximum of three parities/female, because these were found near optimum by Tess et al. (1983a) . A maximum of 70% of available gilts and boars were used as replacements. The ratio of replacement boars to gilts was 1 to 20. Replacement population sizes were adjusted accordingly.
Economic inputs and weight outputs were totaled across constituent populations of each breeding system. Total dollar inputs were divided by either total carcass lean or total live 
aor one of other two alternative rotation-cross combinations. weight to determine input/output efficiency ratios, discounting price of surplus sow lean by 21% and of live weight by 13% (Tess et al., (1983a) . Efficiency of live weight production (EWW) was based on marketing pigs at 100 kg live weight. Efficiency of carcass lean production was based on marketing pigs either at 100 kg live weight (ELW) or at the average weight when pigs were 185 d old (ELA). The contribution of breed differences to input/output efficiency of each integrated production system was simulated by individually changing breeding value for each component trait of each breed used in the breeding system. The genetic contribution of any breed to the performance of a cross was assumed to be proportional to the breed composition of that cross. The range of simulated purebred (additive genetic) breeding values used for each trait is shown in table 3. These ranges represented about -+10% from the simulated purebred base value (table 3) , except for -+~5% in days to 100 kg (DAYS) and age at puberty (PUB). Protein and fat growth rates were changed iteratively to produce the desired change in DAYS without changing body composition at 100 kg (FAT), or in FAT without changing DAYS. All component changes were evaluated for marketing at 100 kg weight (WT). Only DAYS was also evaluated for marketing at average 185-d weight (AGE) because Tess et al. (1983c) found that these alternative marketing policies made little The effects of the trait range (X h -X1) simulated for each trait on system efficiency (E h --E l) was divided by the trait range simulated (table 3) to estimate the approximate linear partial regression (bi) for the effects of breed differences in each trait on each measure of input/output efficiency. Curvilinearity was evaluated from degree of asymmetry for equal trait deviations on either side of the purebred mean. The simulated total effect on production system efficiency for a constituent breed was calculated as the sum of the n gartial effects for each trait [i.e., total effect, ~ bi (Xi -X i)l added to the mean efficiency'(g) for all pure breeds.
The approximate ranges of breeding values for seven traits of six breeds commonly used in the U.S. (table 4) were used to illustrate expected breed effects on production system efficiency. Breeding values were based on a combined analysis of crossbreeding experiments at Iowa and Oklahoma (Young et al., 1976a,b; Christenson and Young 1978; Johnson et al., 1978; Schneider, 1978; Gaugler et al., 1981 and personal communication; Hutchens et al., 1982) . Breed differences in milk production were approximated by simulating effects of milk production on the estimated breed differences in preweaning viability, adjusted for litter size, recognizing that other maternal traits also may affect viability. Effects of these breed differences on efficiency were combined with average percentage heterosis for the breeding system to compare efficiency of breed combinations for the alternative crossing systems.
Crosses between breeds were assumed to exhibit heterosis in proportion to the expected degree of crossbred heterozygosity. Heterosis levels used were the same (table 3) as in Bennett et al. (1983) . Strictly, these linear approximations of breed and heterosis effects on efficiency should not be used to choose particular "best breed combinations" because specific heterosis, curvilinear effects and interactions for trait effects on efficiency were ignored, and because real breed differences change with time and with sampling of breeds.
Results
Average Effects of Crossing Systems. Mean economic efficiencies for all possible breed combinations in each of the five crossbreeding breeding systems are shown in table 5 as reductions from mean costs for purebreds. Average percentage reductions in cost for breeding systems simulated were least for ELW (--2.8 to --7.5%), only slightly greater for EWW [-3 .2 to --7.9% and greatest for ELA (--4.8 to -9.5%)]. Breeding systems ranked in the same order for all three marketing policies. The four systems using crossbred females reduced costs 1.4 to 2.7 times as much as first crossing (2S). Both systems using three breeds were better than any using two breeds. For the same number of breeds used, the average of all possible rotation crosses was better than that for backcross or specific combinations. However, the mean advantage of rotation crossing over the best alternative was small and the best three-breed specific crosses surpassed the best three-breed rotations. Bennett et al. (1983) found that simulated heterosis reduced nonfeed costs more than feed costs. Simulated percentage reductions in mean feed and nonfeed costs per unit of output for all breed combinations in each breeding system are presented in table 6. Alternative crossbreeding systems ranked the same for nonfeed costs as for feed costs or for total costs/kg (table 5) . However, average heterosis reduced nonfeed costs proportionately two to nine times more than feed costs for different mating systems. The proportion of the total heterosis cost reduction in EWW and ELW coming from nonfeed sources was about 67% for 2S and 75% for other systems, but 86 to 90% of that in ELA. Marketing at average 185-d weight permits heterosis for growth rate to spread nonfeed (largely sow) costs over more output, but increases feed/gain for market pigs, and thus reduces the over-all feed-cost advantage of crossing systems.
Effects of Traits on Breed Roles in Crossing.
Effects on costs/100 kg for the range in mean performance among the sample of six breeds for each trait (table 4) are shown separately for each breed role in each breeding system for EWW in table 7 and for ELW and ELA in table 8.
The importance of each performance trait (defined in table 3) in choosing breeds for crossbreeding is affected by the range in breed performance available to the producer, just as trait importance for within breed selection is affected by its genetic variability. The pattern of breed effects on unit costs was very similar for comparable breed roles.
Effects on cost/100 kg live weight marketed at 100 kg (EWW) for primary maternal breed roles (2S Ma and 3S MGD) were alike in large cost reductions from increased litter size (NBA), litter viability (VIAB) and higher conception rate (CR), small reductions from more milk output (MILK) and earlier puberty (--PUB), but some increase in costs from less fat (--FAT) and faster growth (--DAYS). Among secondary maternal breed roles (2B Sec and 3S MGS, table 1), the pattern of effects was similar, but MILK and -DAYS were less important and other effects also were smaller, mainly because of smaller numbers in the system (table 2). Relative effects of traits for breeds used in rotation crossing or backcrossing (2R, 3R and 2B Pri) were much like those for secondary maternal roles, except that NBA was relatively less important and --DAYS was mildly beneficial. The pattern of effects was little different for purebreds (P). However, for paternal breeds (2S or 3S Pa) only VIAB was really important, --FAT was mildly detrimental and --DAYS was mildly beneficial only for the 3S Pa role.
When evaluations were based on cost of lean (ELW, table 8) rather than live weight, importance of reproductive traits was essentially unchanged. However, --FAT became as important as NBA for purebred and rotational roles (P, 2B Pri, 2R, 3R), but less so for secondary or primary maternal (2B Sec, 2S Ma and 3S MGS or MGD) roles. For paternal (2S and 3S Pa) breed roles, --FAT became more important than VIAB. Only for costs of lean under 185-d weight marketing (ELA, table 8) did -DAYS become moderately important for all breed roles. Clearly, the choice of breeds for maternal roles depends on many more traits than for paternal roles. Only --FAT, VIAB and --DAYS were important for paternal breeds, whereas these traits plus the components of reproduction were important for purebred; rotation and maternal breeds roles.
Importance of nonlinearity for effects on efficiency were evaluated by taking the ratio of responses to equal favorable and unfavorable changes about the mean of each trait. A ratio of --1 means that a desired breed trait deviation reduced costs as much as an equally large undesired breed deviation increased costs/unit. One reason for asymmetrical responses is that some trait effects are proportional to their inverse, as is true for litter size. Equal but opposite changes from the mean cause disproportionate changes in the inverse [e.g., (1/12-1/10)/(1/8-1110) = -.017/.025 = -.67, tables 7 and 8]. Another reason for asymmetrical response is nonlinear interaction with potential for milk production. Restriction of energy intake in early life can reduce viability, but milk potential in excess of intake requirements cannot increase viability beyond its genetic potential (ratios<-.67; tables 7 and 8). Consequently, any potential performance change that increases energy requirement in early life will increase mortality if milk is limiting, whereas a change that decreases energy requirement may not decrease mortality.
Increasing litter size (NBA) reduced costs less than decreasing NBA increased costs, particularly for P, 2S maternal, 2B primary and 3S maternal breed roles (ratios <-.8; tables 7 and 8). Litter size has an inverse relation with efficiency because its primary effect is to reduce sow costs/pig. However, increasing NBA increases mortality more than reducing NBA lowers mortality. This effect was less evident for breeds used in rotational crossing because heterosis for milk production kept milk energy supply more nearly equal to litter demand. Increased milk also reduced mortality less than decreased milk increased mortality, resulting in asymmetric response for maternal breed roles.
Faster gains (--DAYS) increased preweaning mortality slightly because milk-energy demand exceeded supply. When --DAYS was evaluated by EWW or ELW, this increased mortality sometimes canceled the other small beneficial effects of increased growth rate (2S and 3S maternal; tables 7 and 8). However, this asymmetry of response was concealed when --DAYS was evaluated by ELA (185-d marketing) because the increase in total weight of pigs marketed from --DAYS overshadowed its small effects on mortality.
The asymmetric effects of changing conception rate (CR) in breeds whose role is to produce replacement gilts for terminal crossing (2S maternal, 2B primary and 3S maternal granddam) arose from asymmetric changes in the sizes of the parental source populations. Such parental source populations must provide their own replacements before they can provide surplus replacements. The size of the parental source population then was proportional to the inverse of the difference between total potential and parental population numbers of gilt replacements. Number of potential replacement gilts was directly proportional to CR + CR 2 + CR 3 because of the three parities in the system. Thus required parental population numbers declined hversely with increased CR (tables 7 and 8).
Importance of CR was only 25 to 50% that of NBA in all but paternal breed roles, where CR was unimportant. The effect was to reduce replacement costs. The other maternal traits, PUB and MILK, were only 5 to 10% as important as NBA in ranking breeds, even for maternal roles. Milk was somewhat more important for the maternal 2S than 3S breeds because pig heterosis increased milk energy demand for litters from purebred sows proportionally more than from crossbred sows. Viability (VIAB) was an important trait in all breeding and marketing systems, including paternal breed roles. The primary effect of VIAB is to divide sow costs among more output. Litter size (NBA) was even more important than VIAB for all breeds except those producing only boars, in which NBA was unimportant.
When market value was based on lean output (ELW or ELA, table 8), -FAT was more important than VIAB for all breed roles and as important as NBA in all but maternal breeds. However, --FAT was moderately detrimental when market value was live weight (EWW, table 7) because of increased sow and pig maintenance costs and higher protein in pig feed. Faster growth (-DAYS) had little beneficial effect when pigs were marketed at 100 kg live weight, and this small effect was detrimental in maternal breeds because of increased sow maintenance feed costs. However, if pigs were marketed at mean 185-d weight, -DAYS was 40 to 50% as important as VIAB in all except maternal breed roles because nonfced sow costs were spread over more weight marketed as 185-d weight increased.
Results for P, 2R and 3R were similar to those reported by Tess et al. (1983b) when adjusted for the fact that actual 2R results are one-half and 3R results are one-third of those shown in tables 7 and 8, because each breed contributes one-half or one-third of the average crossbred market pig genotype. Other small differences are caused by different mean performance levels, especially the lower purebred level for MILK compared with the crossbred level used by Tess et al. (1983a) .
Ranking of Breeds for Crossbreeding Roles.
To permit prediction of total breed effects on costs of pork production from any set of breed parameters, for differing breed roles in alternative breeding systems, partial regressions on breed means of traits are given for EWW in table 9 and for ELW and ELA in table 10. To illustrate their use, the sample set of breed deviations in table 4 were used. These partial regressions were obtained by dividing the simulated cost effects of approximate breed ranges for each trait (table 3) by those ranges. They also correspond to those shown as percentages of the purebred mean in tables 7 and 8 for the total range of sample breed means given in table 4. Differences in backfat were converted to differences in percentage carcass fat by the equation %FAT = 10.22 + 8.57 x backfat, cm (Cleveland, 1981) . Total costs are presented only for constant 100 kg weight marketing of live weight (EWW, table 11) and for constant 185-d age marketing of carcass lean (ELA, table 12). The former (EWW) approximates current U.S. practice and ELA seems the most defensible long-term marketing policy to permit cost reduction from leaner carcasses and faster growth. The breed effects shown have been divided by their fractional contribution to genotype of crossbred progeny, to facilitate comparisons between breeding system roles.
For either EWW and ELA marketing, breed rankings were very similar within related groups of breed roles. Breed rankings for the 2B primary, 2R and 3R were much alike. Values of L, S and C breeds as 2B and 3S maternal grandsires differ from their 2B Pri, 2R and 3R values because of the greater importance of NBA and VIAB for specific maternal roles. Breed rankings for maternal 2S dam vs 3S granddam differ slightly because of the more critical role of MILK in 2S than 3S, but both differ from 2B and 3S maternal grandsire ranking for D, S and C because of even greater importance of NBA and VIAB for primary maternal breeds. Rankings for the 2S and 3S paternal roles are nearly identical, but differ sharply from all other system roles in that maternal performance is almost irrelevant.
When marketing at 100 kg live weight with no premium for lean yield (EWW, table 11), H ranked poorest as either a paternal or general (table 9) . Effects of breed differences on costs were divided by their fractional contribution to crossbred progeny genotype to permit easier comparison of breed rankings between system roles. bBreeds are Duroc (D), Hampshire (H), Yorkshire (Y), Landrace (L), Spot (S) and Chester White (C).
purpose breed and near bottom as a maternal breed. However, for marketing lean at 185-d weight, H ranked second highest as a paternal and third as a general purpose or maternal breed (ELA, table 12). Breed L also changed from ranking first as a paternal breed for marketing live weight to nearly poorest paternal breed for marketing carcass lean. Breed C ranked second for ELA when used in P, 2B Pri, 2R and 3R breeding system roles, but ranked first as a 2B or 3S secondary maternal breed and especially as a 2S or 3S primary maternal breed, as a result of its high NBA and CR, even though it was poorer than average in --DAYS, (table 10) . Effects of breed differences on costs were divided by their fractional contribution to crossbred progeny genotype to permit easier comparison of breed rankings between system roles.
bBreeds are Duroc (D), Hampshire (H), Yorkshire (Y), Landrace (L), Spot (S) and Chester White (C).
VIAB and --PUB. Breed H also ranked well above average as a maternal breed for ELA because its below average ranking for NBA, VIAB and --DAYS was offset by higher than average ranking for --FAT, --PUB, MILK and CR. Breed Y was highest for ELA as P, 2B Pri, 2R, 3R and as a 2S or 3S paternal breed, and second highest among the maternal breeds, without being highest in breeding value for any one trait. Breed H was second highest 2S or 3S paternal breed because it was outstanding in -FAT, even though poor in VIAB and -DAYS. The third highest 2S paternal breed (S) was superior in VIAB and --DAYS, but poor in NBA and --FAT. Some breeds (especially S) were higher as paternal than as maternal breeds, but ranked below other breeds in both respects. Even though the characteristics of these six breeds (table 4) were estimated from limited experimental data, the results illustrate the limitations of using any single trait to discriminate among breeds and the potential loss of efficiency from including poorer breeds in a cross-breeding system.
Breed complementarity in specific crossing systems can contribute most to system efficiency when there is low or negative correlation between rankings of breeds for paternal and maternal breed roles. If correlations of breed ranking s for different roles are large and positive, differences between specific crosses would depend only on the general ranking of the breeds used. Some correlations between the values of the six sample breeds for different roles are presented in table 13.
There was little opportunity for breed complementarity between primary and secondary 2B crosses or between maternal granddam and grandsire breeds in 3S crosses. However, For all crossbreeding systems, the potential reduction in cost below average purebreds was somewhat greater for lean pork marketed at mean 185-d weight (ELA) than at 100 kg live weight (ELW) or for live weight at 100 kg (EWW). This was true for the mean of all possible breed combinations of six breeds (table  5) as well as for the most efficient breed combinations in each system (table 14) . Possible advantages from complementary breed differences were indicated by the wider range of efficiencies expected among alternative breed combinations for 2S than for 2R (--7 to --11 vs -5 to --7%) and for 3S than for 3R (--8 to --9 vs --4 to -6%). However, only when the breeding female was crossbred did the most efficient specific crossbreeding combination become potentially superior to the most efficient rotation crossbreeding combination (i.e., 3S>3R).
For the six-breed set of breeding values used (table 4), choice of most efficient breed rotations alone reduced costs below average of all combinations by -2 to -3% in 3R or 2R systems, but choice of best specific breed combination reduced costs by -4 to -6% in 3 S and 2S systems (tables 14 and 5).
The efficiency advantage of the best crossbreeding systems over the best pure breed (table 14) is smaller than that of average breed crosses over average purebreds (table 5) for 2R and 3R rotation crossing (--4 to --8 vs --6 to --10%), but is the same or greater for 3S specific cross combinations (-7 to -10%).
Discussion
Several qualifications of the results presented should be emphasized. First, responses from genetic changes in several of the components of performance are nonlinear and thus, their relative importance will depend upon the base level of expression (e.g., litter size, conception rate, milk production). Second, there are joint effects of changes in such components as litter size, viability, growth rate and milk level that also are affected by base levels of expression (Tess et al., 1983b) . Third, deviations from average heterosis were ignored. Fourth, the relative importance of different components of breed performance in predicting breed ranking for particular roles in crossbreeding systems was influenced by the assumed genetic ranges in performance traits among six existing breeds, based on available experimental data. Inclusion of additional breeds or correction of errors in breed description could easily change the range and thus, possibly alter the relative importance of traits in ranking breeds. However, validity of using the partial regressions (tables 9 and 10) in preliminary breed rankings would not be altered by changes in breed ranges for traits.
Essentially, the approach used is an elaboration and application of a method for approximate evaluation of specific crosses suggested by Smith (1964) . As such, it illustrates some principles of breed combination selection brought out by Smith (1964) and Moav (1966a, b, c) . Reproduction was found to be of little importance in terminal sire lines. Also, sire-dam heterosis or complementarity was found to be potentially valuable in specific crosses. One difference from these earlier works is the inclusion of replacement population costs in the evaluation of specific traits. This has at least two consequences. First, productive traits are weighted by 60 to 70% in female lines instead of 50% because the female line produces surplus market animals. Second, slightly more emphasis is given to reproduction and viability in specific crosses compared with rotation crosses. This is caused by the higher proportion of purebred sows in the specific-cross systems and the increased proportion of crossbred sows when reproduction in purebred sows is high.
Primarily, this paper was intended to illustrate an approach for predicting the effects of heterosis and breed differences on choice of breeding systems and of breeds for specific roles in those systems. It was not intended to replace potentially more accurate experimental evaluation of particular breeds and crosses. However, such evaluation of particular breeds and crosses does not provide the information necessary to make preliminary evaluations of large numbers of breeds and strains permitted by the production system simulation presented here.
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